In the intestine, the mucosal immune system plays essential roles in maintaining homeostasis between the host and microorganisms, and protecting the host from pathogenic invaders. Epithelial cells produce and release a variety of biomolecules into the mucosa and lumen that contribute to immunity. In this review, we focus on a subset of these remarkable host-defense factors -enteric α-defensins, select lectins, mucins, and secretory immunoglobulin A -that have the capacity to bind microbes and thereby contribute to barrier function in the human gut. We provide an overview of the intestinal epithelium, describe specialized secretory cells named Paneth cells, and summarize our current understanding of the biophysical and functional properties of these select microbe-binding biomolecules. We intend for this compilation to complement prior reviews on intestinal host-defense factors, highlight recent advances in the field, and motivate investigations that further illuminate molecular mechanisms as well as the interplay between these molecules and microbes.
invasion at the mucosa (Dommett et al., 2005 , Santaolalla et al., 2011 , Peterson and Artis, 2014 . In this review, we consider a subset of host-defense molecules that contribute to immunity at the intestinal mucosa by interacting with microbes and contributing to barrier function as described below.
The intestinal epithelium is a key contributor to intestinal innate immunity (Figure 1 ). It creates physical and chemical barriers that protect the host (Peterson and Artis, 2014) . The intestinal epithelium (Figure 1) is composed of four cell lineages, namely enterocytes, enteroendocrine cells, goblet cells, and Paneth cells, all of which are derived from a common stem cell progenitor in the intestinal crypts (Cheng, 1974a , Cheng, 1974b , Cheng and Leblond, 1974a , Cheng and Leblond, 1974b . Moreover, the intestinal epithelial cells are held together by tight junctions, which effectively form a seal against the external milieu. The majority of epithelial cells bordering the intestinal lumen are absorptive enterocytes, which are important for metabolic and digestive function (Snoeck et al., 2005) . Secretory intestinal epithelial cells, which include enteroendocrine cells, goblet cells, and Paneth cells (vide infra), contribute to the barrier function of the epithelium (Furness et al., 2013) .
Enteroendocrine cells provide communication between the central and enteric neuroendocrine systems via the secretion of several hormones that regulate digestive function (Furness et al., 2013) . Goblet cells (Specian and Oliver, 1991) and Paneth cells (Clevers and Bevins, 2013) secrete mucus and antimicrobial peptides (AMPs), respectively, to promote the removal of microbes from the mucosal surface. The transcytosis and luminal release of secretory immunoglobulin A (sIgA) by plasma cells further enforce this barrier function . Moreover, beneath the epithelium is the lumina propria, where macrophages and dendritic cells (DCs) reside (Cerovic et al., 2014) . Macrophages function as innate effector cells by engulfing and removing invading microbes, secreting cytokines, and maintaining intestinal homeostasis. In contrast, DCs migrate from the intestine to the mesenteric lymph nodes (MLNs) and initiate adaptive immune responses by priming naïve T cells.
The importance of intestinal mucosal immunity is highlighted by the fact that the intestinal lumen is topologically outside of the body. As a result, the intestinal epithelium is constantly exposed to foreign materials that are ingested, including pathogenic microorganisms (Santaolalla et al., 2011) . Moreover, trillions of commensal microbes, also known as the microbiota, reside in the intestinal tract. The commensals contribute to intestinal health because these organisms compete with pathogens for nutrients and for attachment sites on epithelial cells, preventing invading pathogens from colonizing (Costello et al., 2009 , Qin et al., 2010 . This phenomenon is termed colonization resistance and is beneficial to the host.
Nevertheless, commensal microbes can cause disease under certain circumstances (e.g., overgrowth, immunocompromised hosts) (Hooper et al., 2012) . Thus, to prevent overgrowth of the commensal population as well as prohibit pathogens from colonizing and causing infections, the host must maintain tight control over intestinal homeostasis.
In summary, mucosal immunity in the intestine involves a complex network of different types of cells that work together to provide physical and chemical barriers against microbial invasion, and maintain homeostasis. Indeed, defects in the innate immune system can result in increased susceptibility to Crohn's disease and microbial infections, even in the presence of a functional adaptive immune system (Wehkamp and Stange, 2010) . Against this backdrop, we consider the chemistry and biology of several immune factors that are released into the intestinal lumen and contribute to barrier function in the following sections. We begin with a discussion of intestinal Paneth cells because these secretory cells release two classes of microbe-binding molecules that we discuss below, enteric α-defensins and lectins.
Paneth Cells
Paneth cells are granule-rich epithelial cells that are located at the base of crypts of Lieberkühn in the small intestine (Figure 1 ). These secretory cells are found in humans, marsupials, mice and rats, whereas some mammals (e.g. cows and sheep) lack them . Paneth cells store variety of peptides and proteins in secretory granules. Hostdefense biomolecules, including α-defensins (cryptdins in mice; of note, the murine defensin repertoire differs from that of the human peptides) (Porter et al., 1997a , lysozyme C (Ghoos and Vantrappen, 1971) , phospholipases (Kiyohara et al., 1992) , and the C-type lectin REG3α (REG3γ in mice) (Lasserre et al., 1999) are the most abundant constituents of the granules. Paneth cell degranulation occurs in response to stimuli that include cholinergic agonists (Satoh et al., 1995) , bacteria, and bacterial products such as lipopolysaccharide (LPS) and lipoteichoic acid (Ayabe et al., 2000) . Degranulation results in the release of these host-defense molecules into the mucus layer and lumen. By disseminating into the mucus layer, these biomolecules contribute to the mucosal barrier and prevent microbial invasion of the crypt (Peterson and Artis, 2014) . Because the small intestine is constantly exposed to bacteria and bacterial products, it is reasoned that Paneth cells continuously secrete antimicrobials at baseline levels, and that higher amounts are released upon stronger stimulation (Ayabe et al., 2000) . The contributions of Paneth cells to innate immunity are comprehensively discussed in several other reviews Salzman, 2011, Clevers and Bevins, 2013) .
The expression and localization of each class of defensins vary from organism to organism. Six α-defensins and four β-defensins have been detected in human specimens and characterized, and additional human β-defensin genes have been identified (Linzmeier et al., 1999) . For the purposes of this review, we focus on two peptides, the human enteric α-defensins 5 and 6 (HD5 and HD6), that contribute to innate immunity in the gut. Both HD5 and HD6 are expressed in duodenum, jejunum, and ileum of the small intestine; the highest expression levels are observed in the ileum (Jones and Bevins, 1992) . Both peptides are constitutively expressed and co-packaged in the granules of small intestinal Paneth cells Bevins, 1992, Chairatana et al., 2016) , and released into the intestinal lumen following degranulation. For information on other human defensins, we refer the reader to several recent reviews that provide comprehensive overviews of these host-defense peptides .
Human α-Defensin 5 (HD5) Is Antimicrobial and Exhibits Lectin-like

Properties
HD5 is the most abundant host-defense peptide produced by small intestinal Paneth cells (Porter et al., 1997a) . Indeed, the transcriptional levels of HD5 are reported to be 4-6-fold greater than that of HD6, and higher than other antimicrobial substances in the Paneth cell granules (Wehkamp et al., 2006) . HD5 was first detected in the human small intestine (Jones and Bevins, 1992) , and subsequent investigations revealed that the peptide is also produced in the female reproductive tract (Quayle et al., 1998) , the pancreas (Wehkamp et al., 2006) , and the kidney and urinary tract (Spencer et al., 2012) .
HD5 is biosynthesized as a 94-residue prepropeptide (Figure 3 ) that consists of an Nterminal 19-residue signal peptide that directs the peptide to the secretory pathway, a 43-residue pro region, and a 32-residue C-terminal region that corresponds to the mature peptide (Jones and Bevins, 1992) . The cationic mature peptide has an overall charge of +4 at neutral pH. The disulfide-linked form is amphipathic with the cationic arginine residues positioned on one side of the monomer and most hydrophobic residues positioned on the other side of the monomer (Figure 4 ). Following cleavage of the 19-residue signal sequence, HD5 is stored in Paneth cell granules as the 75-residue propeptide (proHD5) (Cunliffe et al., 2001 . Proteolytic processing of proHD5 affords mature HD5 either during or after degranulation. Trypsin is housed in the Paneth cell granules, and it has been identified as the protease that cleaves proHD5 to afford mature HD5 .
The mature peptide contains six arginine residues, and the disulfide-linked form exhibits protease resistance (Wanniarachchi et al., 2011) .
HD5 is recognized as an antimicrobial peptide that can kill a broad range of microbes, at least under laboratory conditions (Porter et al., 1997b , Ericksen et al., 2005 , Wommack et al., 2014 , Furci et al., 2015 . Seminal investigations that employed a HD5 transgenic mouse revealed that HD5 expression in the small intestine confers resistance to oral Salmonella enterica serovar Typhimurium challenge (Salzman et al., 2003) . Subsequent studies of these mice supported a homeostatic role of HD5 in modulating the composition of the intestinal Chairatana and Nolan Page 4 microbiota (Salzman et al., 2010) . Taken together, these observations indicate that HD5 is important for both defense against pathogens and maintaining intestinal homeostasis.
Although the antimicrobial properties of HD5 are most well known, this peptide has other noteworthy characteristics. We note here that HD5 displays lectin-like behavior. It binds to glycosylated proteins , LPS (Thomassin et al., 2013 , Moser et al., 2014 , and bacterial toxins (Wei et al., 2009 , Kudryashova et al., 2014 . Interaction of HD5 with the bacterial toxin ACD Vc induced toxin unfolding and enhanced the susceptibility of the toxin to proteolysis. This work, along with studies of the human neutrophil α-defensin HNP1, provided the basis for a new model for defensin host-defense function whereby unfoldase activity results in stabilization of non-native states of bacterial toxins, resulting in aggregation or proteolysis (Wei et al., 2009 , Kudryashova et al., 2014 . Additional evidence for lectin-like behavior comes from microscopy studies of Escherichia coli exposed to HD5, which revealed that the peptide causes the bacteria cells to clump together (Chileveru et al., 2015) . Thus, although HD5 has broad-spectrum antimicrobial activity, these studies indicate that HD5 function is multi-faceted and that the peptide has the capacity to affect microbes in ways other than cell killing.
Human α-Defensin 6 (HD6) Entraps Microbes and Blocks Host Cell Invasion
HD6 is produced by Paneth cells of the small intestine and stored in the granules (Jones and Bevins, 1993) . Similar to HD5, HD6 is biosynthesized as a prepropeptide. The 100-aa prepropeptide contains an N-terminal 19-residue signal sequence that directs the peptide to the secretory pathway, a 49-residue pro region, and a 32-residue C-terminal region that corresponds to the mature peptide. HD6 is stored in the granules of Paneth cells as a propeptide (proHD6) and, similar to HD5 maturation, trypsin has been identified as the processing enzyme that cleaves the pro domain to release mature HD6 in the intestinal lumen (Chairatana et al., 2016) . The mature peptide has an overall charge of +2 at neutral pH (Jones and Bevins, 1993) . Similar to HD5, the disulfide bonds in HD6 confer protease resistance (Chairatana et al., 2016) .
The contribution of HD6 to mucosal immunity was enigmatic for many years. Although the tertiary structure of the HD6 monomer looks similar to those of HD5 and other α-defensins (Figure 4 and 5), HD6 differs from these peptides because it exhibits negligible antimicrobial activity (Ericksen et al., 2005 , Szyk et al., 2006 , Chu et al., 2012 . In 2012, a new and unprecedented model for HD6 was presented: rather than killing microbes, HD6 self-assembles into higher-order oligomers (Figure 6a ) that are named "nanonets" to entrap pathogens and prevent them from invading into host cells (Chu et al., 2012) . This study demonstrated that transgenic mice expressing HD6 exhibit resistance to oral S. Typhimurium challenge; however, the Salmonella burden in the feces of these transgenic mice remains high (Chu et al., 2012) , indicating that the observed protective effect does not result from antibacterial activity against this pathogen. Microscopic examination of the intestinal lumen of wild-type mice and HD6-transgenic mice challenged with S. Typhimurium revealed that the Salmonella were entrapped in a web-like material in the intestine of the HD6-transgenic mice, but not in the wild-type mice. In further support for the notion that HD6 entraps bacterial pathogens, HD6 blocks the ability of S. Typhimurium (Chu et al., 2012) and Listeria monocytogenes (Chairatana and Nolan, 2014) to invade cultured epithelial cells. Lastly, scanning electron microscopy of S. Typhimurium cultures treated with HD6 revealed cellular clumping and web-like structures that are the HD6 "nanonets" (Chu et al., 2012) .
The HD6 "nanonets" indicate that this peptide exhibits markedly different self-association properties than other defensins, the latter of which form lower-order oligomers (Hill et al., 1991 , Szyk et al., 2006 , Rajabi et al., 2012 , Wommack et al., 2012 . Two structure/activity relationship studies probed the molecular basis for HD6 self-assembly (Chu et al., 2012, Chairatana and . A H27W variant of HD6
was first shown to have defective self-assembly properties, which resulted in loss of functional activity (Chu et al., 2012) . As a result, it was proposed that electrostatic interactions between the imidazole rings of His27 and the C-terminal carboxyl groups of Leu32 mediate higher-order oligomerization of HD6 (Chu et al., 2012) . Nevertheless, subsequent studies demonstrated that the H27A variant retained the ability to form higherorder oligomers (albeit with different morphology than the native peptide) and block microbial invasion into epithelial cells (Chairatana and Nolan, 2014 ). An alternative hypothesis based on a comparison of the primary sequences of the six human α-defensins and a crystal structure of HD6 (Figure 6b ) (Szyk et al., 2006) was therefore proposed where formation of a hydrophobic pocket between four HD6 monomers drives self-assembly (Chairatana and Nolan, 2014) . Two phenylalanine residues, Phe2 and Phe29, are poised in this pocket. Indeed, mutation of either hydrophobic residue to Ala affords HD6 variants that only form monomers and dimers under conditions where HD6 forms large self-assemblies that resemble fibrils, and these variants lack biological function (Chairatana and Nolan, 2014) . Moreover, the N-terminal proregion of proHD6 blocks self-assembly and functional activity (Chairatana et al., 2016) . This observation affords a model where proHD6 is packaged in the Paneth cell granules as an inactive form, and trypsin-catalyzed cleavage of the propeptide to release mature HD6 triggers self-assembly and functional activity (Chairatana et al., 2016) . Nonetheless, precisely how the pro sequence suppresses the selfassembly biological function of HD6 remains unclear. Given that the N-terminal residues of the mature peptide contribute to the hydrophobic pocket observed in the HD6 crystal structure (Figure 6b ), it is likely that the N-terminal extension disrupts HD6 oligomerization; however, whether the proregion is disordered or interacts with the C-terminal region is unknown. Similar questions about how the pro sequences modulate the biophysical and functional properties of other defensins also exist, warranting further investigations. Lastly, the structure/activity relationship studies on HD6 further exemplify that variations in the primary sequences of defensins lead to different biophysical properties and biological functions of these peptides (Wannarachchi et al., 2011, Chairatana and . Further structural and biophysical studies, including analyses of the fibrils under different experimental conditions, are required to understand the HD6 self-assembly process and contributions of individual amino acid side-chains at the molecular level.
C-type Lectins
Lectins are carbohydrate-binding proteins that contribute to mucosal innate immunity. Human REG3α (also known as hepatocarcinoma intestine-pancreas/pancreatic associated proteins, HIP/PAP) and its murine homolog REG3γ are C-type soluble lectins found throughout the small intestinal epithelium (Christa et al., 1996 , Lasserre et al., 1999 . CType lectins are calcium-dependent. REG3 lectins are produced by Paneth cells and secreted into the lumen, where they interact with intestinal microbes (Choi et al., 2013) .
Several recent studies provide a model for the host-defense function of REG3α (Lehotzky et al., 2010 , Loonen et al., 2014 , Mukherjee et al., 2014 . The interactions between REG3α and its bacterial targets are initiated when REG3α binds to the peptidoglycan of the bacterial cell wall (Lehotzky et al., 2010 , Loonen et al., 2014 . REG3α recognition of peptidoglycan involves binding to the extended carbohydrate chains on the bacterial surfaces, but not to shorter, soluble peptidoglycan chains that are shed by bacteria. This selectivity for extended carbohydrate chains allows REG3α to interact with the bacterial surface and not be sequestered by shed glycans (Lehotzky et al., 2010) . Recent studies indicate that, after binding to the peptidoglycan, REG3α can permeabilize the bacterial membrane by utilizing its cationic residues to interact with the negatively charged bacterial membrane (Mukherjee et al., 2014) . Moreover, upon contact with lipids, REG3α can oligomerize to form hexameric transmembrane pores (Mukherjee et al., 2014) . On the basis of these observations, both bacterial binding and membrane permeabilization are proposed to be important for the bactericidal activity of REG3α. Lastly, REG3α exhibits antibacterial activity against Gram-positive bacteria because the peptidoglycan is accessible on the outer surfaces of these organisms (Cash et al., 2006) . In contrast, the peptidoglycan in Gramnegative bacteria is shielded by the outer membrane and is therefore inaccessible to REG3α.
Intelectins
Intelectins (IntLs) are classified as X-type lectins, and these biomolecules have been identified in chordates. The X-type lectins are reported to exhibit calcium-dependent function; however, these lectins do not contain the calcium-dependent sequence motif that is conserved in C-type lectins (Weis et al., 1998) . Instead, IntLs contain a fibrinogen-like domain (FBD) and are proposed to function similarly to ficolins, a class of FBD-containing lectins that contribute to innate immunity (Thomsen et al., 2011) . In mammals, IntLs are predominantly produced by lung cells, intestinal goblet cells, and intestinal Paneth cells (Tsuji et al., 2001 , Voehringer et al., 2007 .
Human IntL-1 (hIntL-1) is a secretory glycoprotein consisting of polypeptides and N-linked oligosaccharides. It binds galactofuranose, a sugar found only in microorganisms, and hence may serve as a microbial pattern element (Tsuji et al., 2001) . Recent studies demonstrated that hIntL-1 selectively binds glycans with terminal 1,2-diol groups (Wesener et al., 2015), providing new molecular-level insight into how it recognizes binding partners. In total, hIntL-1 exemplifies how lectins can distinguish microbes from mammalian cells in the innate immune response.
and diversity of mucins in the body (Linden et al., 2008) . Moreover, mucus plays a multifaceted role in the interactions between microbes and the epithelium (Linden et al., 2008) .
Mucins are high-molecular-weight glycoproteins containing a tandem repeat region (TRR, Figure 7 ) that is rich in proline, threonine, and serine residues (called PTS sequences). The serine and threonine residues in the TRR are heavily glycosylated with O-linked (O-glycans) and less common N-linked (N-glycans) oligosaccharides, which results in large, flexible, rod-like molecules of mucins with viscoelastic properties (Bergstrom and Xia, 2013) . More than 20 genes encoding mucins have been identified in humans (Corfield, 2015) .
Mucins can be categorized into two main groups (Figure 7) , namely membrane-bound and secreted proteins (Corfield, 2015) . Membrane-bound mucins, including MUC1, MUC3A/B, MUC4, MUC11-13, MUC15-17, MUC20, and MUC21, are essential components of the glycocalyx of mucosal surfaces and play important roles in cell-cell and cell-matrix interactions as well as in cell signaling (Jonckheere and Van Seuningen, 2010) . These mucins may be shed from the surface and subsequently integrate into the overlying mucus layer (Hattrup and Gendler, 2008) . Secreted mucins are further divided into two subfamilies, namely gel-forming (MUC2, MUC5AC, MUC5B, MUC6, and MUC19) and non-gelforming (MUC7) mucins (Kaur et al., 2013) . Secreted mucins are the core structural components of the mucus gel. In the gastrointestinal tract, mucins are produced and secreted by the goblet cells of the small intestine and colon, and the surface mucus cells of the stomach (Kim and Khan, 2013) . The oligomerized mucins form homo-oligomers via intermolecular disulfide bonds that create linkages between the cysteine-rich D domains found in the N-and C-termini of these mucins (Thornton et al., 2008) . Mucin assembly is complex and many steps take place in the secretory pathway. N-Glycosylation and Cterminal dimerization occur in the endoplasmic reticulum, followed by O-glycosylation in the Golgi, and mucins are packaged into granules prior to secretion (Thornton et al., 2008) .
In the small intestine, mucin 2 (MUC2) is the major component of mucus (McGuckin et al., 2011) . Within the endoplasmic reticulum (ER), newly synthesized MUC2 peptides dimerize via the formation of disulfide bonds and the dimers are transported to the Golgi apparatus (Asker et al., 1998) , where the TRR domains of the mucin dimers are glycosylated before further assembly into trimers in the trans-Golgi network (Godl et al., 2002) and packaging into goblet cell granules in a pH-and calcium-dependent manner (Ambort et al., 2012) . As a monomer, fully glycosylated MUC2 exhibits a size of 2.5 MDa, whereas extensive polymerization in the granules may lead to sizes greater than 100 MDa (Johansson et al., 2008) . Following degranulation of the mucin at the mucosa, the densely packed mucins are hydrated and expand into extensive polymers, resulting in a physical barrier at the epithelium that entraps invading microorganisms (Perez-Vilar et al., 2006 , Verdugo, 2012 .
Moreover, the mucus gel provides a matrix for antimicrobial molecules, which are mainly produced by Paneth cells. Direct interactions with mucins can facilitate the diffusion of these antimicrobial molecules (Linden et al., 2008) ; however, additional studies addressing the interactions of mucins and host-defense peptides/proteins are needed to understand how the mucin environment influences the function of these biomolecules. In addition to their protective and lubricating properties, mucins can be a nutritional source for microorganisms. Some commensal intestinal bacteria, including Bacteroidetes, are mucolytic and use mucin glycoproteins as an energy source. Moreover, these bacteria provide substrates for other bacteria in the outer mucus layer by degrading the mucins (Sonnenburg et al., 2005 , Png et al., 2010 . Therefore, mucins have been proposed to play an important role in shaping microbial communities at the intestinal mucosa. Recent studies suggest the correlation between changes in mucin glycosylation profile and deviations of overall microbial community ecology as well as altered abundances of specific microbes (Kashyap et al., 2013 , Sommer et al., 2014 .
A recent study reported that mucins suppress the virulence traits of the opportunistic human fungal pathogen Candida albicans (Perlroth et al., 2007 , Kavanaugh et al., 2014 , providing evidence for an unappreciated role of mucins in the host/microbe interaction. This organism is a gut commensal, but it can become virulent under certain conditions (e.g. immunocompromised host) (Sardi et al., 2013) . Microscopy studies of C. albicans cultured in the presence and absence of mucins revealed that the mucins induce a new oval-shaped morphology in C. albicans. Moreover, several genes that are important in steps critical for virulence -adhesion, filamentation, and biofilm formation -were downregulated in the presence of mucins. These results indicate that, that in addition to providing a physical barrier, mucins affect the physiology of C. albicans and help to keep this fungal species in the commensal state in the gut. Further investigations shall inform whether this remarkable property of mucins is generalizable to other microbes as well as to other classes of mucins.
Secretory Immunoglobulin A (sIgA)
Secretroy IgA (sIgA) is an abundant antibody that is produced and released by plasma cells. It dominates humoral immunity at the intesitnal mucosa . One sIgA molecule is about 400 kDa and is composed of two four-chain untis of IgA, one J chain, and one secretory component (Figure 8 ) (Woof and Russell, 2011) . Due to its polymeric nature and multivalency, sIgA primarily protects mucosal surfaces by noncovalently cross-linking microorganisms or macromolecules. This phenomeon (i) blocks microbial adhesins, sterically hindering interactions of the adhesins with the epithelium, and (ii) inhibits microbial motility and facilitates microbial entrapment in mucus . Ultimately, sIgA promotes the clearance of these entrapped microbes by peristalsis or mucocilary movement. The overall process is known as immune exclusion (Stokes et al., 1975) . In the lamina propria, polymeric sIgA also binds and excretes antigens back to the lumen using polymeric Ig receptor-mediated transcytosis across epithelial cells (Robinson et al., 2001) . In additon, sIgA responses are not only specific to pathogens, but also to commensal microorganisms residing in the gut (Lindner et al., 2012) . It has been proposed that coating of commensal bacteria by sIgA may lead to a different recognition by epithelial cells and dendritic cells as compared to pathogens, and hence faciliate the discrimmination between symbionts and pathogens by the host (Sansonetti, 2011) . Indeed, recent studies indicate that sIgA plays a role in shaping and maintaining the gut microbiota from birth to adulthood (Pabst et al., 2016) . Neutralizaton of bacterial toxins is another function of IgA (Vaerman et al., 1985 , Forbes et al., 2011 . For example, binding of a murine IgA monoclonal antibodies to the O antigen of Shigella flexneri suppressed the activity of the bacterial type 3 secretion system that is necessary for S. flexneri to invade into intestinal epithelial cells (Forbes et al., 2011) .
Summary and Perspectives
In this review, we provide an overview of abundant intestinal biomolecules -mucins, lectins, sIgA and HD6 -that contribute to host defense by binding microbes and preventing these microbes from invading the epithelium. This general mechanism contrasts the cell killing mechanisms displayed by many antimicrobial peptides, and further studies are needed to elucidate the mechanisms by which these microbe-binding molecules provide barrier function. We note here that the vast majority of investigations reported to date have evaluated these biomolecules on a case-by-case basis. Although these molecules may contribute to mucosal immunity at different locales or during different stages of infection, it is possible that unrecognized synergies occur, and our current understanding of whether these immune factors cooperate to protect the intestinal epithelium is limited. Rich avenues for further studies involve elucidating how the interplay between these host-defense factors, as well as others, influences intestinal homeostasis and the host response to infection. Such investigations will benefit from enhanced understanding at the molecular level for how these biomolecules interact with microbes. The consequences of microbe-binding interactions by these biomolecules on microbial physiology, metabolism, and virulence also warrant consideration. Lastly, our appreciation for how the commensal microbiota contributes to human helath and disease is growing at a rapid pace. More information about these processes may provide new insights into host-commensal interactions at the intestinal mucosa and may illuminate how to approach disorders that result from dysbiosis, including inflammatory conditions of the bowel such as Crohn's disease. Primary sequences and X-ray crystal structures of select defensins. HD6 (PDB 1ZMQ (Szyk et al., 2006) ), HBD1 (PDB 1IJV (Hoover et al., 2001) ), and RTD1 (PDB 1HVZ (Trabi et al., 2001) ) are representatives of α-, β-, and θ-defensin, respectively. The disulfide linkages are shown in yellow. A color version of the figure is available online. (Szyk et al., 2006) ). The hydrophobic residues of HD5 are distributed at the tetrameric interface, whereas the Arg residues are distributed on the opposite face of the dimer, which is exposed to the surface after tetramerization. The hydrophobic residues are shown in orange and the Arg residues are shown in pink. A color version of the figure is available online. A cartoon represents the overview structure of sIgA. SIgA are dimeric with two IgA molecules held together by a joining chain (J-chain). Each IgA molecule consists of two heavy chains and two light chains. The secretory component protects the antibody from being degraded by the enzymes of the digestive system. A color version of the figure is available online.
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